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MODIFICATION OF THE ONE-DIMENSIONAL REKAP PROGRAM
TO ALLOW FOR CHARRING IN THREE MATERIAL LAYERS

by

R.E. Price and F. E. Schultz

ABSTRACT

The one-dimensional Reaction Kinetics Ablation Program (REKAP) was modi~
fied in order to compute the thermal response of a ten layer body in which any or
all of the first three layers may thermally degrade. The application of the modi-
fied program to one, two and three charring layer problems is described, with
emphasis on a rocket nozzle throat insert case,
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NOMENCLATURE

Specific heat, BTU/lb-deg. R.

Constant used in turbulent blocking-equation (Aﬁpendi‘x A)
Activation energy, BTU/Ib

Fraction of layer 2 degradation gases which flow into layer 1,
Fraction of layer 3 degradation gases which flow into layer 2,

Heat of gas phase chemical reaction, BTU/Ib
Heat of decomposition, BTU/Ib

Recovery enthalpy, BTU/Ib
Thermal conductivity, BTU/sec ft2deg. R./ft

Quantity used in the graphite diffusion regime mass loss equaition,
BTU/Ib '

Dimensionless quantity used in the graphite diffusion regime mass
loss equation

Integral of the complementary error function
Molecular weight, 1b/lb-mole. |
Mass flux, 1b/sec—ft2

Prandtl number

Convective heating rate, BTU/sec-ft2
Universal gas constant, BTU/lb mole—deg.v R.
Temperature, deg. R.

Time, sec,

Distance from front face, ft.

Pre-exponential factor in equation (2)
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AB

AMB

BF

BL

FF

LN

VP

NOMENCLATURE (Cont'd)

Order of thermal degradation reaction

Density, Ib/ft®

SUBSCRIPTS
Ablative material’
Ambient
Back face
Boundary layer
Char
Front face
Gas . ...

Last node, i.e., node nearest back face

Total

Virgin (un-degraded) material

Wall

First layer, i.e., layer adjacent to front face
Second layer

Third layer



1.0 INTRODUCTION

One of the dominating factors in the design of a rocket propulsion system is the
ability of the exhaust nozzle wall to withstand an intense thermal environment. For
some rocket missions of interest it is advantageous to employ an ablative nozzle and
thereby avoid the complexity of a liquid cooled system. The design of ablative
rocket nozzles is often based on empirical information drawn from rocket test firings.
An experimental study of the thermal performance of a variety of ablative materials
and nozzle configurations over a range of actual rocket operating conditions is a
lengthy and costly process. If the physical and chemical processes which control the
thermal response of an ablative rocket nozzle are adequately characterized, then
such a parametric study can be performed primarily by means of high-speed computer
systems. A relatively small amount of rocket test data can serve as boundary con-
ditions for the computerized analytical solutions.

For several years the REKAP (Reaction Kinetics Ablation Program) computer
program has been used by General Electric, Re-entry Systems to solve thermal
design problems associated with ablative systems (for both rocket nozzles and re-entry
vehicle heat shields). This program computes the temperature, density and surface
recession history for a multi-layered slab of material. Charring (i.e., the in-depth
gasification of the resin binder of a composite material) has been confined to the first
layer, prior to the present work. For some rocket nozzle designs of interest a char-
ring material is employed for sub-surface layers. Under the present contract, the
capability of the REKAP program has been extended to allow for charring in three
material layers.



2.0 SUMMARY

The one-dimensional Reaction Kinetics Ablation Program (REKAP) is modified
to compute the thermal response of a ten layer rocket nozzle in which up to three
layers may thermally degrade (char). The equation of conservation of energy in a
charring material is re-written to allow for the flow of degradation gases from one
charring layer through adjoining charring layers.

The application of the modified program to one, two and three charring layer .
problems is described, with emphasis on a roqket nozzle throat insert case,

Appendix A gives a detailed derivation of the equation of conservation of energy
for three charring layers. Appendix B provides a program user's manual,



3.0 DISCUSSION

The primary function of the REKAP program is to compute finite-difference
solutions of a conservation of energy equation which is used to describe the thermal
response of an externally heated slab composed of up to ten layers of material (one
of which may be a gas gap). Each layer is divided into nodal volumes (''nodes'")
across each of which all properties (e.g., temperature, density, chemical compo-
sition) are defined to be invariant with distance, In effect, an energy equation is
solved for each node at every computation time step. A detailed derivation of the
energy equation is presented in Appendix A. Reference 1 contains an analysis of
the numerical techniques used in the Program,

The REKAP energy equation may be exp;-essed as follows: GAS PHASE
' CHEMICAL
DE )
STORAGE CONDUCTION COMPOSITION CONVECTION REACTION
AT . AT op - . T = QT
(1)pC——=—-(—->+ H + C.,m ~~ + H m =,
P c

Pat 3X X 8¢ pt g g X ¢ gTaX

P, Cp, Kand T are the density, specific heat, thermal conductivity and temperature
of the solid material, respectively. Hy is the heat required to decompose a unit mass
of material from solid to gas. Cp, is tlfle mean specific heat of the degradation gases
within a nodal volume, Hg_ is the %eat which may be absorbed or released due to
chemical reactions betwee§ the gases which may be present within a '""node". ﬁlg is
the total mass flux of the degradation gases which flow through a node toward the

front surface, ‘

The thermal conductivity, K and the specific heat Cp, of a charring material are
both temperature and density dependent so that the values of K and Cp within a node
are determined by the instantaneous values of T and p for that node.

In order to evaluate the rate of heat conduction (K 3T/3X) into a body at the front
surface, an energy flux balance is performed. In other words, the total heat flux toward
the surface is balanced against the total flux away from the surface, The REKAP pro-
gram provides for surface heating due to convection, radiation and chemical reaction
(e.g., combustion in an adjacent gaseous boundary layer). Surface cooling mechanisms
include re-radiation, heat absorption due to melting or vaporization, the "blocking' of
convective heating due to surface out-gassing and finally, heat conduction into the solid
body (K 3T/3X).

For a charring material REKAP computes the rate of change of material density by
means of an Arrhenius relation of the form: '

n
PP _
@) 3P _ -p C T Ze Ei/R’I‘
ot VP pVP ii

in which the subscripts "VP" and "C", respectively designate virgin (i.e., uncharred)
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material and completely charred material, p and T are the instantaneous local values
of solid material density and temperature, It was assumed that the degradation pro-
cess within a particular layer is negligibly affected by the presence of gases which
have originated in another layer. This assumption is judged to be reasonable because
within any charring layer the degradation process is essentially complete, on a mass
basis, prior to the entry of gases from a sub-layer, For example, gas cannot flow
from layer two into layer one (the layer adjacent to the front surface) unless the inter-
vening solid material is porous, which is the case only when the material near the
backface of layer one is charred. Therefore, Z, E and 1 of equation (2) and Hgf of
equation (1) are functions only of the material within a given layer.

The gas mass flux rﬁg is the total mass flux of the gases which may flow through
a node, regardless of their origin. Within their layer of origin, the mass flux of de-
gradation gases evaluated at depth X is given by:

| X |
o w=f () -

in which "BF" denotes the backface of the layer and 3p/dt is computed according to
equation (2). The minus sign in equation (3) is required because the degradation gases
flow toward the surface (i.e., in the minus X direction), The total mass flux through
a node is expressed as follows for layers one, two and three,respectively:

@ <mgT> - mgl T g, t Fip "t Fog mg3 ’
1 FF FF
5 m =thm + F__*mm and
® < gT) g, 23 B
2 FF

1l

(6) h h .
("ex), ™ "

F o represents the fraction (by mass) of the gases generated within layer two which
flow into layer one, Similarly, Fog is the fraction of layer three gases which flow into
layer two. These fractions are computed as follows:

pvpl B pLNl
0 F = and
12 P -pP
VB, oy
‘°VP2 - pLN2
(8) F23 =- _ °



The subscripts 1 and 2 signify layers one and two, respectively, LN refers to the node
at the back of a layer., A rapid change in the heat flux to the front face of layer one will
cause a considerably slower change in the backface temperatures of layers one and two
for typical charring materials and layer thicknesses. Since the time rates of change of
F12 and Fog depend on @p/dt)y,N, and ( Bp/Bt)LNz respectively (oyp and p, are con-
stants), the rate of change of the ]ﬂow rate of degradation gases from one layer into
another is relatively insensitive to rather sudden changes in the heating rate from the
external environment to the front face, Therefore, it is unlikely that time variations
of Fyg and F 23 will significantly contribute to mathematical instability in the finite dif-
ference solution of the energy equation. Another section of the present report presents
the results of 2 REKAP run which serves to confirm this conclusion, '

In solving the energy equation (1) for a particular node and time step, the specific
heat and the heat of chemical reaction, Cp_ and H,_ respectively, must be evaluated
for the mixture of layer one, two and three gases wiich may reside in the node over
that time interval. EPg and 'ﬁcg are calculated on a mass fraction basis as follows:

9) <CP> = (CP -mg1+ F.," Cp mgz +F 0 Foo® Cp mg3 )
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Hcg apphes only to chemlcal reactions which may take place between gases which are
generated in layer one. Hjcg and Hc Cer have the analogous meamngs for layers two and
2 3

three. Therefore, the:form of relations (12) and (13) implies that chemlcal ;reac’uons .
between the gaseous degradation products from any layer are negligibly affected by the
presence of gaseous species which are generated within another layer, - This assump-
tion is considered to be validbecause no gas can flow from layer two into layer one (or
from layer three into layer two) until layer one is almost totally degraded., That is, no
"foreign' gases are‘admitted to a layer until its back node chars (note.the dependence
of F12 and Fgg on pLN3 and pLNz’ respectlvely) After they escape from a given layer,

degradatlon gases may contmue fo react” among themselves according the the H,, of
their layer of origin. Thé H for ‘each charring layer is input to the program ina -
temperature-dependent table gco encompass the full range of temperature to which
gaseous d.egradatlon products may be éxposed (Whether they remain in one layer or
flow mto other layers) ’ ‘ g -

: N -
] - L - -

For some cohfigurationé.'of‘ interest a non-charring (and hence non-porous) mate~ -
rial may be sandwiched between charring layers or between a charring layer and the
front surface of layer one, In these cases, degradation gases are impeded from flowing
to the surface. It was assumed that these gases leave the system at the charring/non-
charring interface, The corresponding rate of energy loss from the system can be
expressed as follows for a charring layer:

15) Ioss = C r'ng (T . ~-T

m

where T pyp is the temperature of the surroundings into which the gases escape, It
can be conjectured that in these situations there may be a sub-surface pressure build-
up sufficient to cause mechanical failure or to alter degradation kinetics. An analysis™
of these effects was outside the scope of the present contract requirements,

The reoessmn rate due to.mass removal at the surface is calculated aocordmg to
any one of a variety of analytical models which are based on the aerothermochemical
inter-action between the surface and its environment, Withinthe REKAP program a co-
ordinate transformation is made so that the nodes in the first material layer (reces-
sion is limited to the first layer) shrink in size as the surface ablates (nodes are not
""dropped').

3.1 Application of the MOdlfled Program

In order to test the three-charrmg layer REKAP program, three sets of oomputer
runs were made. The first group of (nine) test cases served to establish that the mod-
ified program and the previous program produce identical results for problems which
do not involve charring past the first material layer. The second set of check runs is
concerned with the prediction of the thermal response of a rocket nozzle throat insert



upon exposure to two different rocket engine firing cycles. The final group of (three)
test computer runs deals with two and three charring layer problems, Copies of the
computed results for all the test cases have been delivered to the NASA Lewis Re-
search Center in Cleveland, Ohio,

3.1.1 Input Data for Rocket Throat Insert Cases

A description of the throat insert and of the pertinent rocket engine operating
characteristics are presented in Table 1. It is noted that the conditions for Test 1
and Test 2 are identical except for the oxidizer/fuel ratio and the firing cycle. With
respect to the REKAP program, Test 2 includes all the essential features of Test 1,
in addition to a greater variation in heating environment. Therefore, with regard to
the rocket insert computations it seems appropriate to concentrate discussion on the
REKAP runs for Test Case 2,

TABLE 1. ROCKET THROAT INSERT TESTS

TEST 1

Insert

Backup Material
O/F

Pc

Rocket Cycle

JTA Graphite, 0.514 inch thick at nozzle throat
Fiberite MX2641 Ablative, 1.386 inch thick at throat
1.6

100 psia

206 seconds firing, followed by cool-down to ambient

Propellant N,O 4/50% N,H, - 50% UDMH
TEST 2
Insert *

Backup Material
O/F
Pec

Rocket Cycle

Propellant

2.0

99 seconds firing, cool-down to ambient, followed by 170
seconds firing and cool-down to ambient

k

*Same as for Test 1



As presented in Table 1, the rocket throat insert consists of a layer of JTA graphite
over a layer of Fiberite MX2641 ablative material, The properties of JTA graphite are
given in Figure 1. The thermal properties used for Fiberite MX2641 are presented in
Table 2 and in Figure 2, The values given for Hge, He,» Cp,» Z4,%9,%3,E,Eg and Eg
apply to refrasil phenolic materials having a thirty percent resin content (to which class
Fiberite MX2641 belongs). The Fiberite thermal conductivity for temperatures up to
750 degrees Fahrenheit is found in Reference 2., For higher temperatures it was assumed
that the conductivity-temperature dependence is similar to that presented in Reference 3
for silica phenolic materials,

TABLE 2, REKAP PROPERTIES FOR FIBERITE MX2641

Item Value Reference
H 400 BTU/1b 4
8¢
CP 0.6 BTU/Ib deg. R 4
g
H 0 4
c
g
Ml 30 1b/1b mole 5
-4 6 -1 '
Zl’Zz’Z3 10 , 1300, 10 sec 4
El’ E2, E3 1200, 33500, 56040 BTU/lb-mole 4
3
Pyp 112 Ib/ft 6
P 94.3 lb/ft3 (assumed that p./pyp is the same as for 30%
© resin phenolic refrasil)
n 2 4,5
Chart (5)2 1 4
Chart (6)2 ~0.4 4
2
Chart (1) | 1 4
9 ,
Chart (8) 0.4 4
1
M
MBL 1 4
ABL
13'1'1 o7
1
4
CT 1

2
1See Appendix A See Appendix B



The rocket throat insert is initially at ambient temperature. Almost instantane-
ously after ignition of the oxidizer-fuel mixture, the throat insert is exposed to the hot
(~ 5000 deg R) combustion gases. The insert temperature response for this starting
transient was computed by the program using an approximate analytic solution of the
equation of one-dimensional heat conduction in a semi-infinite slab having constant
thermal properties and constant heat flux at the surface (References 7 and 8):

. pC
—24 - X I/ Db
(16) AT % CP [ft— ierfe (m 7 >]

in which AT is the temperature rise at depth X for surface heating duration At. The
applicability of equation (16) depends on the validity of the ""'semi-infinite slab" (i.e.,
ATgp = 0) and the "constant thermal properties'" assumptions. For equation (16) the
maximum backface temperature rise for the JTA layer would take place for the cold
wall heat flux and the room temperature value of p CP/ K. Figure 3 shows the maxi-
mum backface AT plotted versus At. For the REKAP run a At of 0.15 seconds was
chosen (maximum backface AT = 2.5 deg R). The error in surface temperature was
less than 5 percent as a result of the "constant thermal properties' assumption. The
full finite-difference energy equation solution could be used, but this would require
initial computation time steps considerably smaller than 0.15 seconds and involve
more computer operations to achieve essentially the same result as provided by the

- analytic solution,

il

The convective heat transfer coefficient at the rocket nozzle throat was calculated
according to the formulation given in Reference 9. The thermal properties in the throat
boundary layer were evaluated at the reference temperature stated by Summerfield
(Reference 9) to give "the best correlation of experimental results':

a7 TREF = TW + 0.23 (Tg - TW) +0.19 (Tr - TW), which approaches
T W +T
(18) TREF = ——2——5 as the Mach number approaches zero.

A temperature recovery factor of 0.91 was used, according to Summerfield's experi-
mentally based estimation for a compressible turbulent boundary layer in a rocket
nozzle, The boundary layer edge conditions were determined by utilizing an equilib~
rium Mollier diagram for N204/50 percent hydrazine - 50 percent UDMH (Reference
10) and assuming an isentropic expansion process from the rocket combustion chamber
to the throat, The thermodynamic and transport properties and the combustion cham-
ber temperature were obtained from Reference 11. The final results of the heat trans-
fer coefficient calculation are:

For O/F = 2,0,3,/(Tg-Ty) = 0.163 BTU/sec ft2 deg R, which corresponds
to &,/ (hy - hy) = 0,233 BTU/sec ft2/BTU/lb. The heat transfer coefficient
for O/F = 1.6 was taken to be essentially the same as for O/F = 2,0.
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The heat transfer coefficient as calculated above is approximately 65 percent lower
than that calculated using the simplified Bartz equation (Reference 12), In his deri-
vation Bartz states: "If it is allowed that Cp and Pr do not vary appreciably With‘
temperature, they can be assumed constant at stagnation temperature values.. ..

In Bartz' equation the heat transfer coefficient is proportional to (C / Pr) 0.6 Flgure 4
shows the variation of (CP/ Pr) 6 with temperature, If Bartz' equatlon (3) is used
(variable Cp and Pr) the resulting value of the heat transfer coefficient differs by
less than 10 percent from the value given above,

3.1.2 Computed Results for Rocket Throat Insert

Figures 5 and 6 show typical REKAP results for the in~-depth temperature history
of the rocket throat insert during firing and cool-down, respectively. Figure 7 presents
the wall temperature hlstory as well as the front and back face temperature history for
the Fiberite back-up :materlal Figure 8 gives the density profile history for the
Fiberite layer. The specifications for the REKAP test case (see Table 1) require that
the throat insert thermal response be computed for ""cool-down to ambient'", Figure 8
shows that very little thermal degradation occurs after t = 300 seconds, The REKAP
program predicts that there will be no further degradation after t = 700 seconds. Fig-
ure 9 presents the history of degradation gas flow rate at the front surface of the
Fiberite sub-layer. A ‘

Experimental measurements of rocket throat surface recession are compared with
REKAP results in Figure 10, In order to develop an adequate model for surface re-
cession it is necessary to solve the chemistry problem at the surface between graphite
and the N 04/ UDMH-hydrazine combustion gases. Such chemical analysis was outside
the scope of the present contract. However, the REKAP model for the recession of
graphite was adjusted to obtain an agreement with the experimental values, The REKAP
surface temperature results (2000-5000 deg R) indicate that the process of diffusion of
oxygen-bearing species to the surface would predominate for an air boundary layer. For
this regime the REKAP equation of surface recession is:

.

1 q,c

K - T
K +K, (H -C

)
1 PBL w

(19) Sm P

surface

in which, 8, is the surface recession rate7 cic is the convective heating rate, H,. is the
recovery enthalpy, Cp is the mean specific heat of the boundary layer gases, Ty is
the wall temperature, anI?i K and K, are quantities which depend upon the diffusion pro-
cess, Eduation (19) suggests that K1+ Ko (H, CPBL TW) may be interpreted as a '"hot
wall effective heat of ablation', It was assumed that in the (H, -Cppg, TW) range of
interest Ky = 0. Measurments of the slope of curves of experimental throat recession
distance versus time and theoretical values of qc, Hy, CPBL and TW (previous REKAP
results) were employed with equation (19) to obtain effective values of Kp. This ap-
proach may be useful in predicting the recession of graphite in the NZO4/UDMH—hyra—
zine environment for other nozzles, . ’



3.1.3 Computed Results for Two and Three Charring Layers

A group of two and three charring layer test cases was devised, No a&émpt was
made to analyze multi-layer configurations of existing materials., Instead, material = -
properties were tailored to provide a rigorous test of the present REKAP modifications,
That is, the thermal conductivities and degradation coefficients (Z and E in equation 2)
were chosen to allow a considerable degree of sub-layer charring and inter-layer flow
of degradation gases.

- Figures 11 and 14, respectively give the in-depth density profile history for a two
and a three charring layer problem. Figures 12 and 15 present the corresponding his-
tories of the inter-layer gas flow control factors F;o and F,g which are defined in
equations (7) and (8) of this report. Figures 12 and 15 demonstrate that the admission
of gases from one layer into another is accomplished smoothly with respect to time.
Thus the finite difference solution of the energy equation is preserved from any sudden
changes and a potential source of mathematical instability is suppressed. Figures 13
and 16 show the flow rates of degradation gases at the front face of their respective
layers of origin, For example, the curve labeled "Layer 2" in Figure 13 gives the
flow rate of the gases which are generated within layer 2, evaluated at the front face
of layer 2, The "Total at the Front Face' curve shows the value of the gas mass flux
at the front surface as given by equations (4), (5) and (6). This is the mass flux which
is used in the calculation of the 'blocking' of convective heating (see Appendix A),

11
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The Reaction Kinetics Ablation Program (REKAP) has been modified to account
for simultaneous thermal degradation in any or all of the first three layers in a ten
layer composite. '

The modified program was used to predict the thermal response of a nozzle throat
insert in an N204/ UDMH-hydrazine rocket having a combustion chamber pressure of
100 psia and a throat diameter of 1.2 inches. The throat ingsert consists of a layer of
JTA graphite backed by Fiberite MX2641 ablative material. The REKAP results indicate
that the JTA graphite attains a steady-state surface temperature of approximately 5000
deg R after 30 seconds of rocket firing. After 99 seconds of firing the Fiberite temper-
ature remains below 700 deg R at a depth of 0.5 inch (measured from the graphite back
face) and the ""char depth" (the depth at which the density equals 97 percent of the virgin
material density) is approximately 0.25 inch. During 600 seconds of cool-down, the
graphite temperature decreases from 5000 to 1000 deg R while the back face temperature
of the Fiberite rises to approximately 600 deg R. Fiberite thermal degradation is es-
sentially complete after 200 seconds of cool-down, when the char depth is 0. 35 inch.
After 600 seconds of cool-down the rate of degradation is approximately zero and the
char depth is 0.36 inch. :

The surface recession history of JTA graphite in an N204/ UDMH-hydrazine
environment can be adequately described if the proper surface chemistry constants
are used in conjunction with the REKAP program. It is recommended that a boundary
layer-surface chemistry computer program be used to develop surface recession
models for rocket nozzle flow environments. A set of surface recession parameters
for a range of pressure, temperature and O/F ratio could be derived for each surface
material and oxidizer-fuel system of interest.
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1 COMBUSTION TEMPERATURE (REFERENCE 11)
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GAS MASS FLUX AT FRONT FACE OF LAYER 2, LB/SEC-FT2
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APPENDIX A
MATHEMATICAL DESCRIPTION OF THE REACTION

KINETICS ABLATION PROGRAM
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1.0 INTRODUCTION

In this appendix, a thermal ablation model is derived for a thermosetting plastic.
Consideration is given first to the general three-dimensional case. Simplifications
are then introduced to obtain an equation which reasonably satisfies the physical
model.

The philosophy of this derivation is to start from fundamental physical prin-
ciples and to utilize the concepts of continuum mechanics to proceed in a step-by-
step fashion, listing all assumptions.

Figure A-1 shows a cross-section of the ablation model. Initially, the outer
boundary coincides with the broken line as indicated, The ambient temperature is
low enough so that no chemical reactions occur within the plastic., Furthermore,
the outer boundary is at the same temperature as its surroundings and, therefore,
radiation to or from the front face is zero.

 Convective and radiative heat fluxes (arbitrary with time) are impressed on
the outer boundary. As a consequence of thermal conduction, laminates of the
plastic near the outer boundary increase in temperature and the front face begins to
radiate heat. In time, the hotter laminates undergo a chemical reaction which con-
verts the virgin plastic into hydrocarbon gas and a porous char residue.

The gas pressure within the porous char increases as the virgin material under-
goes chemical reaction. As a consequence, a pressure profile is established
throughout the porous region causing the gas to flow to adjacent pores of lower
pressure, In general, the gas flow will be to the outer boundary and result in thermal
energy being introduced due to friction. Heat transfer will occur between char and
gas if their respective temperatures are different, Varying temperature or pressure
changes, or any combination of these two conditions, can result in chemical changes
in the gas (cracking or recombination), which will absorb or generate thermal energy.
As the gas passes the outer boundary, a portion of the convective heat flux is blocked.
As more and more heat enters the front face, reaction laminates will completely de-
gas, thus forming a char layer while moving the reaction zone deeper into the body.
And, of course, the outer boundary moves as a result of structural failure, oxidation,
or both, If the outer boundary temperature becomes high enough, the char layer
will either melt (as in the case of a material having silica fibers), or undergo sur-
face reaction with the boundary layer gases (as for the graphite materials).
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2.0 PHYSICAL MODEL

The physical model is that of a multicomponent flow of chemically reacting
gases through a porous medium which is itself undergoing chemical reactions. The
ablation material consists of unreacted solid (denoted by subscript p), which de~
composes to a porous solid (subscript C) and gaseous products of reaction (subscript
g). The decomposition process can be schematically represented as:

P(s) = C(8) +G(g)

Before decomposition begins, the ablation material consists solely of unreacted
solid. After the process has gone to completion, only solid and gaseous products of
reaction exist, )

All densities are based on the same unit reference volume of the mixture (solid
and gas). Consequently, as the decomposition proceeds at a given location, p
decreases from some initial value to zero while p c is simultaneously increasing
from zero to some final value. o

The gaseous ablation products are formed by the decomposition of the unreacted
solid material. They are a mixture of many different chemical species which flow
and diffuse through the porous solid. The various species may react with one another
in the gas phase resulting in the familiar "cracking" effect. They may also react
with the surrounding solid material, causing a reduction (or increase) in solid
density., o ‘ '

In order to validly apply continuum theory to a porous medium, all quantities
are presumed to be suitably averaged over an area which is small with respect to
the tacroscopic dimensions of the material but large with respect to pore size, It
is assumed that the ratio of pore area to total area is the same as that of pore volume
to total volume, the latter ratio being the definition of porosity.

The solid species remain stationary because the displacements due to thermal
expansion, a stress field and/or changes in molecular structure are generally
negligible. All species are considered to be pure substances. External body forces
(e.g. gravity) have been neglected because they are small for most practical ap-
plications.

(V)
[]
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3.0 EQUATIONS OF STATE

The caloric equation of state for each solid specie is assumed to be of the form:

ep = ep(T) and ec = ec(T)

Thus, for any process:

T ,
- + )

° f Cup 1T °F - M)
TR TR
T

and e = f C dT [e )

c vc Fc .

Tg R

The internal energy accounts for thermal and chemical energy. The solid species
do not have a thermal equation of state because densities are determined by the
application of non-equilibrium reaction kinetics.

The gaseous products are assumed to be a mixture of chemically reacting per-
fect gases. Thus, the thermal and caloric equations of state for each specie are:

_ R
P,=p; M, Ts (3)
T
e, = f CvidT+ eFi (4)
T TR
T
and h, = C dT +{e (5)
i pi Fi 7
Tr Tr



Note that P; and p; are partial quantities which are based on a reference volume of
the entire mixture (solid plus gas).

For the gaseous mixture as a whole, we have (assuming Dalton's Law of Partial
Pressures is valid): - : :

R
P=p =— T, | “ (6)
Mg

P,
M = 1 K = ——, STy
g P ‘

K, i
pPus
=4 M,
i i
e. =E K. e, and (8)
g ii
i .
h =E K. h, ‘ ‘ 9)
g i
i

Note that these assumptions imply that pressure, stress, chemical reactions, etc.
have a negligible effect on the specific internal energy of each specie. Obviously,

they do affect the amount of each specie present at a given location and thus they do
effect the total energy.
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4,0 DIFFUSION VELOCITIES

In the flow of multicomponent gases, diffusion currents are generated by
gradients in concentration, pressure and temperature, For the present problem,
pressure and thermal diffusion effects should be small and so they are neglected.
The velocity of the ith species relative to a fixed coordinate system is defined as

Vi . The mass-averaged or observable vel